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The physical map of the 3.6-megabase chromosome of Clostridium perfringens CPN50 was extended by
positioning sites for the endonucleases Sfil and I-Ceul, and in parallel, the gene map was expanded by using
a genome scanning strategy. This involved the cloning and sequencing of random chromosomal fragments,
identification of the functions of the putative genes by database searches, and then hybridization analysis. The
current gene map comprises almost 100 markers, many of which encode housekeeping functions while others
are involved in sporulation or pathogenesis. Strikingly, most of the virulence genes were found to be confined
to a 1,200-kb segment of the chromosome near oriC, while the pleiotropic regulatory locus, virRS, was situated
toward the putative replication terminus. A comparison of the gene maps of three endospore-forming bacilli,
C. perfringens, Clostridium beijerinckii, and Bacillus subtilis, revealed a similar order and distribution of key
sporulation and heat shock genes which might reflect an ancient evolutionary relationship.

Clostridium perfringens is a spore-forming, gram-positive
anaerobe commonly found in the lower intestinal tracts of
humans and other mammals as well as in soil and sewage. C.
perfringens has been shown to cause a variety of diseases rang-
ing in severity from the frequently fatal gas gangrene to a mild
but common form of food poisoning (18, 32). Clinical isolates
can be classified into five serotypes, A to E, on the basis of their
production of the four lethal typing toxins, the a-, B-, &, and
w-toxins (18, 26, 32). In addition to the typing toxins, most
strains of C. perfringens produce a large variety of other toxins
and hydrolytic enzymes, such as perfringolysin O, or 6-toxin,
and collagenase, or k-toxin, (23, 25, 33), that are likely to play
a significant role in pathogenesis.

A significant step forward in understanding the molecular
genetics of this medically important anaerobe was made some
years ago when a physical map of the chromosome of the
paradigm strain of C. perfringens, CPN50, was constructed with
six restriction enzymes and the positions of 28 genes were
established (6). Subsequently, the extent of genomic diversity
among the various serovars was assessed, three new markers
were added, and the variation in the toxin gene repertoire was
examined (9).

Although a number of genes have been cloned recently from
the clostridia, the rate of identification of new genetic markers
has been relatively low. Consequently, in an attempt to rapid-
ly expand the information content of the genome map, we
have applied the technique of genome scanning in which ran-
dom chromosomal fragments are cloned and sequenced and
their putative functions are identified by means of database
searches. These are then positioned on the physical map by
means of hybridization. This strategy was particularly produc-
tive and not only led to the identification of 54 new loci but also
generated a number of interesting leads for research in patho-
genesis because several potential virulence genes were iso-
lated.
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léculaire Bactérienne, Institut Pasteur, 28 rue du Docteur Roux, 75724
Paris Cédex 15, France. Phone: (33) 1-45688446. Fax: (33) 1-45688953.
Electronic mail address: stcole@pasteur.fr.

MATERIALS AND METHODS

Bacterial strains. C. perfringens type A CPN50, also known as BP6K-N5, was
used throughout (4, 6). The Escherichia coli K-12 strains XL1-blue and JM101
were used for plasmid and M13 preparation, respectively, and standard growth
conditions were employed (17).

Genomic DNA preparation and restriction enzyme digests. All genomic DNAs
were prepared as described previously (6). Apal, Avill, Kspl, Nrul, and Smal
were purchased from Boehringer Mannheim, Mlul was purchased from Phar-
macia, and Sfil and the intron-encoded endonucleases I-Ceul (24), I-Till (29),
and I-Ppol (28) were purchased from New England Biolabs. The DNA in an
agarose plug (about 100 wl) was completely digested with 8 to 20 U of most
enzymes at 37°C for 3.5 h, while 20 U of Sfil (at 50°C) and Smal (at 25°C) per
agarose block was used for 3.5 h to achieve complete digestion.

Electrophoresis and Southern blot analysis. Large restriction fragments were
separated by contour-clamped homogeneous electric field gel electrophoresis
(10) or field inversion gel electrophoresis as described previously (6). Saccharo-
myces cerevisiae chromosomes (size range, 90 to 1,600 kb) and a mixture of N
concatemers and HindIII fragments (New England Biolabs) were used as size
markers. After electrophoresis, the gels were processed for Southern blotting
and the DNA was transferred to Hybond C-extra filters (Amersham) for hybrid-
ization analysis as described previously (6, 9).

Genome scanning and probes. To generate new genetic markers for C. per-
fringens CPN50, a shotgun library was constructed in M13 as described recently
(14). Chromosomal DNA (50 p.g) was sheared by nebulization, end repaired with
T4 DNA polymerase (Gibco-BRL) and the Klenow enzyme (Pharmacia), and
then fractionated by agarose gel electrophoresis prior to ligation of 0.5- to 2-kb
fragments into dephosphorylated Smal-cut M13mp18. Recombinant M13 tem-
plates were used in Tag polymerase cycled sequencing reactions in a PTC-100
thermal cycler (MJ Research Inc.) with dye-labeled primers (Applied Biosys-
tems) and sequences obtained with an automated DNA sequencer (ABI 373A).
An average of 400 nucleotides was obtained from one strand, and most clones
were sequenced twice to ensure accuracy. Sequence data were transferred to a
SPARC-SUN workstation, and homologous DNA and protein sequences in
nonredundant databases at the National Center for Biotechnology Information
were identified with the BLAST programs (1, 2). Probes for C. perfringens recA
and virR; C. perfringens colA; C. perfringens nanl; C. perfringens sod; Clostridium
pasteurianum hyd, rub, and fdx; and Clostridium acetobutylicum spo0A and spolVB
were kindly provided by J. Rood, A. Okabe, P. Trieu-Cuot, P. Roggentin, J.
Meyer, and M. Young, respectively. Probes for groEL and dnaK were generated
by PCR with primers based on C. perfringens sequences (X62914 and X62915
[i5]).

RESULTS

Mapping new rare-cutter sites. In an attempt to improve the
resolution of the restriction map of the chromosome of C.
perfringens CPN50, which has sites for Apal, Avill (isoschi-
zomer of Fspl), Kspl (isoschizomer of Sacll), Miul, Nrul, and
Smal, several new rare-cutting enzymes were tested. Analysis
of the Sfil cleavage products of the chromosome of strain
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FIG. 1. PFGE analysis and DNA hybridization for the mapping of the Sfil
sites of the C. perfringens CPN50 genome. (A) Pulsed-field gel of chromosomal
DNA from C. perfringens CPN50. Lane 1, Sfil digest; lane 2, Sfil plus Miul double
digest; lane 3, Miul digest. (B) Lane 1, S. cerevisiae chromosomes; lane 2, \
concatemers and HindIIl markers; lane 3, Apal digest of C. perfringens CPN50
genome; lane 4, Apal plus Sfil double digest; lane 5, Sfil digest; lane 6, AviIl plus
Sfil double digest; lane 7, AvilI digest. (C) The gel from panel B was blotted onto
Hybond C membranes and hybridized with a probe for the eat gene (Fig. 3). The
lanes correspond to those of panel B.

CPN50 by pulsed-field gel electrophoresis (PFGE) suggested
that four sites were present as fragments with sizes of >1,300
(two), 490, and 60 kb (Fig. 1A). These sites were initially
localized by means of double digestion with Mlul, in which the
1,280- and 700-kb Mlul fragments were cleaved with Sfil (Fig.
1A) and subsequently positioned more precisely by double
digestion with the other mapping enzymes. This is illustrated
for Apal and Avill (Fig. 1B) by means of hybridization analysis
(Fig. 1C).

The chromosomal DNA of C. perfringens CPN50 was also
digested separately with three intron-encoded endonucleases,
I-Ceul (24), I-Till (29), and I-Ppol (28), but only I-Ceul, which
generally cuts in rRNA operons (22), reproducibly cleaved
DNA to generate a small number of large fragments (Fig. 2).

Mapping I-Ceul sites. C. perfringens CPN50 has 10 rRNA
(rmm) (Fig. 3) operons (16), and I-Ceul generated 10 fragments,
A to J, ranging in size from >2 megabases (A) to 9.5 kb (I and
J), thus suggesting that the I-Ceul cleavage sites were located
in the 23S rRNA genes 1714 to rrlJ. This was confirmed by the
following experiments. Nrul cleaves the genome of CPN50 at
each rmn operon and at a unique site upstream of rrnJ (Fig. 3).
There was almost no difference between the PFGE profiles
obtained after a single digestion with Nrul and I-Ceul or after
a double digest (Fig. 2A), except in the <10-kb range. The
smallest I-Ceul fragment is a 9.5-kb doublet made of fragments
I and J, which correspond to DNA from between rrnB and nnC
and rrnH and rraJ (Fig. 2A and 3). By Nrul digestion, this was
cleaved to yield another doublet with a size of 7.2 kb and 7.4-kb
Nrul fragments (Fig. 4 gives a schematic interpretation of these
results). The 6.5-kb Nrul fragment corresponds to the DNA
preceding rrnJ. These results indicated that all I-Ceul sites
were very close to Nrul sites and strongly suggested that the
sites should be present only in the rrn operons.

I-Ceul was shown subsequently to cut once in r7/ by digesting
pBC23, a plasmid carrying a complete rn operon from C.
perfringens (16), and its cleavage site was precisely localized by
sequencing a suitable DNA fragment (accession no. X86518).
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The faint possibility that another I-Ceul site might exist else-
where was excluded by appropriate digestions with Mlul, as
three of the five Mlul fragments, with sizes of 1,280, 680, and
190 kb, have no rn operon (Fig. 3) and were not cleaved by
I-Ceul (Fig. 2B), thereby indicating that the I-Ceul recognition
sites were confined to rrl genes in C. perfringens CPN50, as is
the case for several other bacteria (22).

The updated physical map, showing the positions of the Sfil
and I-Ceul restriction sites, is shown in Fig. 3.

Mapping cloned clostridial genes by PFGE. Several recently
cloned C. perfringens genes (colA, dnakK, groEL, nanl, recA, and
virRS [15, 23, 25]) were mapped by hybridizing Southern blots
of DNA fragments resolved by PFGE after appropriate com-
binations of single and double digestions with the correspond-
ing probes. Interestingly, the col4 gene encoding k-toxin was
found to be situated on the same 30-kb Apal-Smal restriction
fragment as nagH, which codes for another virulence factor,
the p-toxin (8), situated proximal to oriC. By contrast, the
virRS genes encoding the global regulator of several virulence
genes were mapped to a region toward the putative replication
terminus.

In parallel, probes for known genes from other clostridial
species, such as C. pasteurianum and C. acetobutylicum, were
also used at low stringency, although many of these failed to
detect the corresponding C. perfringens genes, probably as a
result of extensive sequence divergence. Heterologous probes
enabled the hydrogenase gene, hyd (27), and the sporulation
genes, spo0A and spolIVB (5), to be mapped (Fig. 3).

Genome scanning. As the availability of cloned genes was
the limiting factor in the analysis of the C. perfringens genome,
a new strategy, genome scanning, was devised to identify ad-
ditional genes and accelerate mapping. Short DNA fragments
(~1 kb) were cloned randomly from the genome of C. perfrin-
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FIG. 2. PFGE analysis and mapping of I-Ceul sites on the C. perfringens
CPNS50 genome. (A) Lane 1, S. cerevisiae chromosomes; lane 2, N\ concatemers
and HindIIl markers; lane 3, I-Ceul digest of E. coli W3110 genome; lane 4,
I-Ceul digest of C. perfringens CPN50 genome; lane 5, I-Ceul plus Nrul double
digest; lane 6, Nrul digest. (B) Pulsed-field gel of chromosomal DNA from C.
perfringens CPN50. Lane 1, Mlul digest; lane 2, Mlul plus I-Ceul double digest;
lane 3, I-Ceul digest.
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FIG. 3. An updated physical map of the 3.6-megabase (Mb) chromosome of
C. perfringens CPN50 showing the positions of the various cleavage sites and the
rm operons (bold). Restriction enzyme sites: A, Apal; C, Sacll (Kspl); F, Fspl
(Avill); M, Mlul; N, Nrul; R, 2SaclI-Smal-Nrul-2-I-Ceul-Smal-Nrul-1-Ceul; S,
Smal; Sf, Sfil. The positions of 97 genetic markers are indicated by the circles
situated in the center of the mapping intervals. When several genes map to the
same site, their order is arbitrary.

gens CPN50, and their nucleotide sequences were determined
(see Materials and Methods). To establish the possible func-
tion of these potential genes, homology searches were per-
formed with nonredundant databases on the National Center
for Biotechnology Information-BLAST mail server (1). One-
third of the random clones (68 of 222) had BLASTX proba-
bility scores of <e '? and showed significant sequence simi-
larity to genes or proteins of known function. These new
genetic markers and their putative functions are listed in Table
1. Twelve of the clones isolated in this way corresponded to C.
perfringens genes that had already been described and mapped
(gyrB, nagH, orfE, ORF1, plc [two], res, rrl [three], uviB, and
col4). The majority of the functions identified were concerned
with housekeeping, although three sporulation genes (spo0A,
spolID, and spoVD) were also isolated (Table 1).

Three of the clones may correspond to genes involved in
pathogenesis, as they show strong similarity to known virulence
genes from various bacteria (copR, pspA, and pfoS). The prod-
uct of the pfoS gene was highly similar (74% identity in a
146-residue overlap) to that of the perfringolysin O regulatory
gene, pfoR, from strain NCTC 8237, thus raising the possibility
that pfoS was allelic to pfoR (34). To test this, probes for both
genes were used in mapping experiments and were shown to
hybridize to two clearly distinct loci (data not shown). Further
evidence for the existence of two pfoR-like genes was provided
by the limited homology at the DNA level (75% in 443 bp).

Expansion of the gene map. Probes were prepared from 54
new clones, and a typical hybridization pattern obtained with
one of them (the eat gene) is shown in Fig. 1C. In this way, the
approximate positions of the corresponding genes were estab-
lished, and these are indicated on the improved genomic map
(Fig. 3). Identical hybridization patterns were obtained when
the spo0A probes from C. perfringens or C. acetobutylicum were
used, thus underlining the usefulness of heterologous probes
based on evolutionarily well-conserved genes (5, 11).

J. BACTERIOL.

DISCUSSION

The aim of this work was to expand and develop the genome
map of C. perfringens CPN50, and this was successfully
achieved by positioning 14 new sites for endonucleases and
establishing the location of 64 new genetic markers in arbitrary
map intervals of <100 kb (Fig. 3). The distribution of markers
around the chromosome is essentially nonrandom, as there are
twice as many mapped genes in the 1.8-megabase segment
centered around oriC (gyr4) compared with those in the region
of similar size encompassing the putative replication terminus
terC. Two possible explanations for this underrepresentation
seem likely: either this region of the chromosome is poor in
genes or, more probably, there is a bias in the sequences
present in current databases, as many of the genes for basic
housekeeping functions, such as translation, transcription, and
intermediary metabolism, which have been intensively studied
in the past, are proximal to oriC (12, 21). One means of testing
the latter hypothesis would be to use an equivalent number of
the shotgun clones obtained in this study whose sequences
showed no homology to known genes as probes to see whether
the genes are distributed more equally.

Furthermore, as was pointed out previously (6, 9) and ex-
tended here, the distribution of genes coding for known toxins,
or virulence factors, also appears to be biased. The plc, pfoA,
colA, and nagH genes encoding the a-, 6-, k-, and p.-toxins are
all situated in a 250-kb stretch close to oriC, while the pspA
gene encoding a putative surface protein homologous to the
virulence factor PspA of Streptococcus pneumoniae (13) and
the nanH and nanl sialidase genes are ~0.8, ~1, and ~1.2
megabases from oriC, respectively (Fig. 3). There is evidence
to suggest that sialidase genes are horizontally transferred
among bacteria (19), and this, together with the fact that the
nearest marker to nanH and nanl is the attachment site for a
lysogenic phage (7), may explain their location on the C. per-
fringens genome map (Fig. 3).

It seems to be a general trend among such gram-positive
pathogens as Listeria monocytogenes, Bacillus cereus, and C.
perfringens for genes involved in pathogenicity to be located
proximal to oriC (12). The regulatory locus virRS (23, 33),
which influences the expression of plc, pfoA, colA, and proba-
bly nanH and nanl as well as unidentified protease and hem-
agglutinin genes, is situated diametrically opposite the region
rich in virulence genes (Fig. 3). This location is consistent with
the observation that its products act in frans to coordinately
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FIG. 4. Schematic interpretation of the mapping data presented in Fig. 2. An
abridged version of the chromosome map indicating key restriction sites dis-
cussed in the text and 4 of the 10 rrn operons is shown.
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TABLE 1. Probes of 54 putative genes cloned from C. perfringens CPN50

Map Accession no.

G Acces- . Function of similar Source of similar Probability S
ene Clone . coordinate(s) of similar
S10n no. sequence sequence score
(megabases) sequence
araD  fcpll X86527 0.8 L-Ribose-5-phosphate-4-epimerase Escherichia coli Te 8 P08203
arcD  fcp50  X86520 0.2-0.3 Probable arginine/ornithine antiporter Pseudomonas aeruginosa 9e 1 P18275
aspC  fcp38  X86528 1.1 Aspartate aminotransferase Methanobacterium thermoformicicum  3.e~° JX0306
asrC~ fcp5  X86510 2.1-2.2  Anaerobic sulfite reductase subunit Salmonella typhimurium le P26476
bgaB  fcp24 X86507 0.1-0.2 B-D-Galactosidase I Bacillus circulans 6.e” % 103425
comK fcp3l X86485 3.5-3.6 ORFX 5’ of comK Bacillus subtilis 2672 S70734
copR  fcp23  X86530 1.3-14 Transcriptional activator Pseudomonas syringae S.e % B47080
ctpA fcp56  X86497 0.3-0.4 Protease Synechocystis sp. T.e 18 L25250
dacF  fcpd8 X86482 2.9-3.0 Penicillin-binding protein Bacillus subtilis le % P38422
dapF  fcp37 X86511 2.6-2.7 Diaminopimelate epimerase Pseudomonas aeruginosa S5e X78478
dhaB  fcpd5 X86532 1.4-15 Glycerol dehydratase Citrobacter freundii Te 7? U09771
dhaT  fcpd6 X86487 1.4-15 1,3-Propanediol dehydrogenase Citrobacter freundii 2% U09771
did fcpd0  X86526 0.6-0.7 D-Lactate dehydrogenase Lactobacillus plantarum le'° P26298
feoB fepS1 X86503 2324 Ferrous iron transport protein B Escherichia coli 2e 1 P33650
folC fcp28  X86524 2.7-2.8 Folylpolyglutamate synthase Lactobacillus casei T.e 3! P15925
fthS fcpl4  X86514 34-35 Formate-tetrahydrofolate ligase Clostridium acidiurici le % P13419
galE fcpl0  X86505 0.3-0.4 UDP-glucose-4-epimerase Streptococcus thermophilus 6.7 P21977
garT  fcp26  X86504 0.9-1 Phosphoribosylglycinamidase-formyl-transferase Arabidopsis thaliana Se Y $37105
glgP  fcp22  X86490 3.2-33 Glycogen phosphorylase Escherichia coli le P13031
glpF  fcpl3  X86492 3.4-35 Glycerol uptake facilitator protein Bacillus subtilis T.e 8 P18156
gluT-R fcpdl X86516 1.4-1.5 Glutamate/aspartate transporter Homo sapiens Te 2 U03504
hypA  fcp35  X86493 2.1-2.2 Hypothetical protein in nop3-npi3-mtsl 5’ Saccharomyces cerevisiae 3e 32 P32898
region
hypB  fcpd3  X86496 2.6-2.7 Hypothetical 22.0-kDa protein in ribT-dacB Bacillus subtilis 8e 13 P35155
intergenic region
hypC  fcp33  X86502 2.7-2.8 Hypothetical 27.5-kDa protein in dacB-aroC Bacillus subtilis 8e P35163
intergenic region
hypD  fcp34  X86480 2.7-2.8 Hypothetical 51.7-kDa protein in thrC-dnaK Escherichia coli Se P30143
intergenic region
ileS fcpl9  X86515 3.4-35 Isoleucyl-tRNA synthetase (Ils1) Staphylococcus aureus 8e * X75439
IS7136 fcp30 X86498 1.2 Insertion element Saccharopolyspora erythraea 3e L07626
lacA fcpd9  X86489 0.5-0.6 Galactose-6-phosphate isomerase Streptococcus mutans 2718 P26423
lysA fcp20  X86512 0.8 Diaminopimelate decarboxylase Bacillus methanolicus le L18879
malA  fcp27 X86519 1.8-1.9 Maltose permease Bacillus stearothermophilus S5.e % L13418
map fep2  X86486 33-34 Methionyl aminopeptidase Bacillus subtilis Te 2 P19994
mcrB - fcp25  X86483 1.1 5-Methylcytosine-specific restriction Escherichia coli Te e M24927
mrp fcp32  X86509 3.4-35 ATP-binding protein Escherichia coli 8e 20 P21590
pfoS  fcp8  X86525 1.5-1.6 Regulatory protein Clostridium perfringens Te 7? A43577
potF fcp39  X86523 2.7-2.8 Periplasmic putrescine-binding protein Escherichia coli 9.7 P31133
prfA fepl2  X86479 3.0-3.1 Polypeptide chain release factor Salmonella typhimurium 4t P13654
proV  fcpd2  X86517 33-34 Peripheral membrane protein Salmonella typhimurium le P17328
pspA  fcp21  X86522 0.8 Surface protein A Streptococcus pneumoniae 4o A41971
pykF fcpd  X86495 3.0-3.1 Pyruvate kinase I (PH-1) Escherichia coli S5.e % P14178
rbsC  fcp3  X86499 2.3-24 Membrane ribose-binding protein Bacillus subtilis 3! 725798
recD  fcp36 X86521 3.0-3.1 Exodeoxyribonuclease V Escherichia coli le ¥ P04993
PSR fcp6 X86513 3.6-0 Ribosomal protein S18 (RS18) Bacillus stearothermophilus 4e28 P10806
X fepl6  X86481 2.5-2.6 Ribosome releasing factor (RRF) Escherichia coli 3777 P16174
rub fcpl7  X86500 1.1 Rubredoxin Clostridium perfringens le P14072
sbcC  fcp29 X86484 0.2-0.3 Exonuclease Escherichia coli 8e M A43750
sod fcps4 749062 1.8-1.9 Superoxide dismutase Bacteroides fragilis e D13756
spc2l  fepS3  X86488 2.8-2.9 Microsomal signal peptidase Canis familiaris 9.e M P13679
spo0A  fcpdd  X86491 2.6-2.7 Phosphorylation-activated transcription factor  Bacillus subtilis 3e3! U09979
spolID fcp9  X86529 3.0-3.1 Stage II sporulation protein D Clostridium acetobutylicum le $27530
spoVD fcpl8 X86501 0.7-0.8 Penicillin-binding protein Bacillus subtilis 3e % 725865
tkt fcp7  X86506 0.3-0.4  Transketolase (TK) Homo sapiens 6.6 P29401
trmF fcpd7  X86508 0.4 Proline tRNA Bacillus subtilis 0.00077 M27310
trnl fcpd7  X86508 32 tRNA cluster Bacillus subtilis 0.00077 M27310
trnJ fcpd7  X86508 34-35 tRNA cluster Bacillus subtilis 0.00077 M27310
ureC  fcpl — X86494 3.2-33 Probable phosphomannomutase Mycobacterium leprae Te * U00020
uvrB  fcp55  X86531 0.3-0.4 DINA protein Bacillus subtilis le ¥ P37954

regulate this group of genes. This is unlike the situation with
pfoR, which encodes a cis-acting regulator of the adjacent
gene, pfoA (Fig. 3) (34). The isolation of pfoS, a gene homol-
ogous to pfoR, provides a promising lead for further research,

as it is conceivable that the coding sequence for a potential
virulence factor, such as the 6-toxin, may be linked. This pos-
sibility is currently being explored.

As detailed physical and gene maps of the chromosomes of
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FIG. 5. Comparative analysis of maps of the chromosomes of the endospore-
forming bacilli C. perfringens, B. subtilis, and C. beijerinckii drawn from this study
and other sources (3, 6, 20, 36). The maps are aligned about the gyr4 gene, a
marker for oriC, and the positions of highly conserved single copy genes are
shown, with key genes present in more than one species linked by doubleheaded
arrows. Note that the position of ferC has not been physically mapped in C.
perfringens and C. beijerinckii but is inferred as being roughly diametrically
opposite oriC. In all cases, although spo0A and spolVB are linked (5), only spo0A
is shown. For reasons of space, only half of the chromosome of the 6.7-megabase
chromosome of C. beijerinckii is shown (36). The numbers at the left indicate
megabases.

three endospore-forming bacteria, Bacillus subtilis (3, 20), C.
perfringens (Fig. 3), and C. beijerinckii (36), are now available,
meaningful comparisons of the distributions of sporulation
genes were possible. These were especially informative when
the maps of B. subtilis and C. perfringens were compared, be-
cause despite many differences, an apparent relationship was
detected in the localization of four sporulation genes, spolID,
spo0A-spolVB, and spoVD, and the heat shock genes groELS
and dnaK (Fig. 5). In both cases, the relative positions and
orders of these markers were similar. Furthermore, the recA
and rpoD genes are also centrally located on both maps. When
this analysis was extended to include C. beijerinckii (36), essen-
tially similar findings were made for this set of genes, suggest-
ing that this may be a general trend for members of the family
Bacillaceae. As more genome maps become available, it will be
interesting to see whether this feature, which may indicate an
ancient evolutionary relationship, holds true. A comparative
analysis of the genetic maps of six species of the genus Bacillus
has been undertaken and has revealed global homologies like
those reported here but also many local differences in gene
distribution and order (35). Interestingly, the positions of the
ssp genes, which are expressed during sporulation, were found
to be conserved (35).

In conclusion, the genome scanning approach used in this
study has proved to be a rapid and profitable means of expand-
ing the gene map of C. perfringens and providing new informa-
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tion about the metabolic and pathogenic potential of this
anaerobic bacterium. Similar projects in which large numbers
of random clones were sequenced have been undertaken with
Mycoplasma genitalium and have also yielded vast amounts of
valuable information about the physiology and biochemistry of
this organism (30). Very recently (31), these sequence-tagged
sites have also been positioned on the genomic map, thus
indicating the general utility of the genome scanning approach.
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